Introduction {#s1}
============

Transection of the spinal cord at thoracic levels completely and permanently abolishes communication between the brain and motoneurons located at lumbar levels that activate leg muscles. Despite this complete disruption, studies have shown that hindlimb locomotion recovers in various pre-clinical models, such as cats, rats and mice, with treadmill locomotor training ([@bib72]; [@bib58]; [@bib7]; [@bib59]; [@bib49]; [@bib9]; [@bib19]; [@bib20]; [@bib57]; [@bib13]; [@bib73]). This remarkable recovery is due to the presence of a network of neurons located within the lumbar cord that produces the basic locomotor pattern, termed the central pattern generator (**CPG**) ([@bib44]; [@bib61]; [@bib69]; [@bib51]). Treadmill training, which consists of reproducing a pattern consistent with locomotion, assisted manually by therapists or with a robotic device, is thought to provide sensory cues from muscles, joints and skin that essentially teach the spinal CPG to function without signals from the brain ([@bib47]; [@bib26]; [@bib31]; [@bib32]; [@bib11]). Thus, the beneficial effects of treadmill training are based on the premise that task-specific mass practice of walking reorganizes spinal sensorimotor circuits, which learn to generate a locomotor pattern once again.

Consistent with the premise that locomotor training must be task specific is the demonstration that spinal-transected cats trained to stand maintained standing for longer periods compared to treadmill-trained cats but had difficulty generating hindlimb locomotion ([@bib49]). In contrast, spinal-transected cats trained to step on a treadmill generated robust hindlimb locomotion but could not maintain standing for prolonged periods. However, is comparing standing and locomotor training adequate to demonstrate that training must be task specific? During stand training, sensory feedback from the legs is tonic, whereas during treadmill training it is phasic. If sensory cues from the periphery reorganize spinal sensorimotor circuits, two types of phasic sensory inputs, with one being non-task-specific, would provide a better comparison to demonstrate the principle of task-specificity for training. Another caveat is that most studies that have demonstrated benefits of treadmill locomotor training in pre-clinical models did not include a control non-trained group ([@bib59]; [@bib20]; [@bib21]), or if they did, the recovery in these animals was largely ignored or attributed to self-training ([@bib58]; [@bib49]; [@bib18]; [@bib19]). As such, the benefits of treadmill training in animal models of spinal transection is, at best, unclear. Despite a lack of clear evidence that task-specific locomotor training is required for the recovery of hindlimb locomotion in animal models, body-weight supported treadmill training (BWSTT), without or with robotic devices, was adopted in people with spinal cord injury (SCI) and became the gold standard for restoring walking ([@bib76]; [@bib40]; [@bib80]; [@bib77]; [@bib79]; [@bib46]; [@bib6]; [@bib8]; [@bib17]; [@bib27]). However, the lack of appropriate controls or significant differences with overground gait training and other forms of physiotherapy in human studies has led to questions regarding the benefits of BWSTT ([@bib81]; [@bib27]; [@bib28]; [@bib62]; [@bib63]).

Therefore, the main goal of this study was to determine if the recovery of hindlimb locomotion after complete SCI in adult cats requires task-specific training. To address this goal, we compared two types of training that provide phasic sensory inputs to spinal circuits, one task-specific (locomotor training) and another non-task-specific (manual therapy). We also included a third group that received no intervention to determine if locomotor recovery occurs spontaneously. After spinal transection, we also tested weight bearing during standing to determine if this function recovered without task-specific training. We hypothesized that the recovery of standing and hindlimb locomotion does not require task-specific training after spinal transection.

Results {#s2}
=======

The main goal of the present study was to determine if the recovery of standing and hindlimb locomotion after complete SCI in the cat model requires task-specific training. To accomplish this goal, we compared the recovery of weight bearing during standing and hindlimb locomotion in spinal-transected cats that received non-task-specific training in the form of rhythmic manual stimulation of the triceps surae muscles (Group 1, Non-specific), locomotor training (Group 2, Locomotor-trained) and no training (Group 3, Untrained). We evaluated the recovery of standing and hindlimb locomotion each week after spinal transection in all but three cats (Cat 1 and Cat 2 from Group 1 and Cat 12 from Group 3). Chronologically, these were the first three cats experimented upon to avoid a training effect from testing. However, as we observed substantial recovery in these cats, we decided to perform weekly testing for subsequent animals to determine the time course of recovery ([Figure 1A](#fig1){ref-type="fig"}). During weekly testing in the first 5 weeks after spinal transection, the ability to stand without and with perineal stimulation was tested for \~15 s in each condition, whereas hindlimb locomotion was tested at a treadmill speed of 0.4 m/s without and with perineal stimulation for \~30 s in each condition. At week six after spinal transection, we did not test standing, but we performed a more thorough investigation of locomotor performance, as described below.

![Schematic representation of experimental timeline and set-ups.\
(**A**) Timeline of experiments. After transection, we performed stand and locomotor testing each week (W1--W5) in 9 of 12 cats and locomotor testing in all cats at W6. (**B**) Experimental set-ups for the application of manual therapy (left panel) and for locomotor testing/training (right panel). (**C**) Histological analysis of spinal lesion site.](elife-50134-fig1){#fig1}

During the spinal transection surgery, we ensured that the lesion was complete by opening and cleaning a gap of \~0.5 cm between the rostral and caudal cut ends. As the spinal cord is naturally under tension, it retracts rostrally and caudally when cut. A histological analysis confirmed that the spinal transection was complete in all cats ([Figure 1C](#fig1){ref-type="fig"}). The following results show that the recovery of standing and hindlimb locomotion after complete SCI in the adult cat does not require task-specific training. We also show that the ability to modulate speed and to step on a split-belt treadmill does not require task-specific training. Instead, we show that the recovery depends on the return of excitability within spinal sensorimotor circuits.

Weight bearing during standing recovers spontaneously after spinal transection {#s2-1}
------------------------------------------------------------------------------

We quantified the recovery of weight bearing during standing without and with perineal stimulation for the first 5 weeks after spinal transection for \~15 s in each condition in nine individual cats from the three experimental groups, as three cats were not tested weekly. We stimulated the perineal region by manually pinching the skin with the index and thumb, which provides a general increase in spinal neuronal excitability in spinal-transected animals through an undefined mechanism ([@bib68]; [@bib1]). We rated weight-bearing recovery on a 6-point scale with 0 representing no weight bearing and five representing full weight bearing with stomping in place, which occurred with perineal stimulation (see Methods, [Video 1](#video1){ref-type="video"}). Seven of nine cats, including at least two animals from each group recovered full weight bearing during standing, a value of 4, without perineal stimulation 1--2 weeks after spinal transection ([Figure 2A](#fig2){ref-type="fig"}, left panels). [Video 2](#video2){ref-type="video"} shows a cat from each group two weeks after spinal transection performing standing with a value of 4, representing full weight bearing, without perineal stimulation. In Group 2, two cats did not recover weight bearing during standing without perineal stimulation at week five after spinal transection (an example is shown in [Video 3](#video3){ref-type="video"}). With perineal stimulation, we observed full weight bearing during standing in all nine cats four weeks post-transection and some stomping, a value of 5, as early as week one in Cat 4 ([Figure 2A](#fig2){ref-type="fig"}, right panels).

![Recovery of weight bearing during standing after spinal transection.\
(**A**) Weight bearing during standing performance at weeks 1 to 5 (W1--W5) after spinal transection in nine individual cats without and with perineal stimulation using a 6-point scale (right panels). (**B**) Electromyography (EMG) of the right (R) and left (L) soleus (SOL) and tibialis anterior (TA) muscles without and with perineal stimulation (gray area) in three cats during standing five weeks after spinal transection. (**C**) Effect of perineal stimulation on the mean EMG amplitude of SOL and TA at weeks 1 to 5 after spinal transection of 9 individual cats obtained during 1 s of weight bearing with perineal stimulation expressed as a percentage of the amplitude obtained without perineal stimulation. P values from paired t-tests are indicated above the data points. \*, p\<0.05; \*\*, p\<0.01; \*\*\*, p\<0.001.](elife-50134-fig2){#fig2}

###### Standing performance scale.

The video shows the rating of standing performance on a six-point scale, from 0 to 5.

###### Recovery of full weight bearing standing without perineal stimulation two weeks after spinal transection.

The video shows the recovery of full weight bearing standing two weeks after spinal transection in three cats, one from each experimental group.

###### Some cats did not recover the capacity to stand after spinal transection.

The video shows an example of a cat (Cat 7) that did not recover standing five weeks after spinal transection without perineal stimulation.

The effect of perineal stimulation on weight bearing during standing varied between cats, which did not depend on the group they belonged to ([Figure 2B](#fig2){ref-type="fig"}). For instance, Cat 7, from the Locomotor-trained group, did not display weight bearing during standing without perineal stimulation at week 5 (a value of 0) and weak activity in the ankle extensor soleus, mostly on the right side ([Figure 2B](#fig2){ref-type="fig"}, top panel; [Video 4A](#video4){ref-type="video"}). However, with perineal stimulation, we observed strong tonic activity in the soleus bilaterally with perineal stimulation and full weight bearing during standing (a value of 4). In another cat, Cat 6, also from the Locomotor-trained group, we observed bilateral activity in soleus and full weight bearing during standing without perineal stimulation at week 5, which was not visibly affected by perineal stimulation, although we did observe a slight elevation of the pelvis ([Figure 2B](#fig2){ref-type="fig"}, middle panel; [Video 4B](#video4){ref-type="video"}). In Cat 10, from the Untrained group, who also displayed tonic soleus activity bilaterally and full weight bearing during standing without perineal stimulation, perineal stimulation generated stomping, characterized by alternating bursts of activity in the soleus and tibialis anterior bilaterally at week 5 ([Figure 2B](#fig2){ref-type="fig"}, bottom panel; [Video 4C](#video4){ref-type="video"}). Across cats, perineal stimulation significantly increased the mean EMG amplitude of the soleus muscle during weight bearing at each of the 5 weeks, without significantly affecting tibialis anterior activity ([Figure 2C](#fig2){ref-type="fig"}, paired t-tests).

###### The effects of perineal stimulation on standing five weeks after spinal transection.

The video shows three examples of the effects of stimulating the perineal region after spinal transection five weeks after spinal transection in three cats. (A) Perineal stimulation restored weight bearing during standing. (B) In a cat that had weight bearing during standing, perineal stimulation slightly elevated the pelvis by extending the hindlimbs. (C) In a cat that had weight bearing during standing, perineal stimulation generated stomping in place.

The observation that weight bearing during standing recovered in animals of all three groups without and with stimulation of the perineal skin indicates that it occurred spontaneously, without the need for targeted stand training. The different patterns of responses from one animal to another also indicates that, despite a similar SCI, the excitability of spinal neuronal circuits controlling weight support during standing and how these interact with inputs from the skin are variable between animals, independent of the intervention they received.

Locomotor recovery does not require task-specific training after spinal transection {#s2-2}
-----------------------------------------------------------------------------------

As stated in the introduction, locomotor training after SCI is thought to provide sensory cues that teach the spinal locomotor CPG to function without signals from supraspinal structures. To determine if these sensory cues need to be task-specific, we assessed locomotor recovery after complete SCI in three experimental groups (Group 1: Non-specific, Group 2: Locomotor-trained and Group 3: Untrained). Six weeks after spinal transection, seven and eight cats out of twelve without and with perineal stimulation, respectively, stepped at the highest possible value of 8 on our locomotor performance scale, including at least two cats from each group ([Figure 3A](#fig3){ref-type="fig"}). In other words, these cats could step at a range of different speeds during tied-belt and split-belt treadmill locomotion with out-of-phase left-right alternation, proper digitigrade paw placement and full weight bearing. [Video 5](#video5){ref-type="video"} shows examples from three cats, one from each group, stepping at 0.4 m/s without perineal stimulation at week six after spinal transection. Notably, this was the first testing session for Cat 1 (Non-specific) and Cat 12 (Untrained) that were not tested weekly after spinal transection.

![Recovery of hindlimb locomotion after spinal transection.\
(**A**) Hindlimb locomotor performance during tied-belt locomotion at 0.4 m/s at weeks 1 to 6 (W1--W6) after spinal transection in nine (W1--W5) and twelve (W6) individual cats without and with perineal stimulation using a nine-point scale. (**B**) A stick figure diagram of a representative cycle showing kinematics of the right hindlimb without and with perineal stimulation before (Intact) and six weeks after spinal transection during tied-belt locomotion at 0.4 m/s in the twelve cats. Gray areas indicate animals that could not step.](elife-50134-fig3){#fig3}

###### Recovery of full weight bearing hindlimb locomotion six weeks after spinal transection.

The video shows the recovery of full weight bearing hindlimb locomotion without perineal stimulation six weeks after spinal transection at a treadmill speed of 0.4 m/s in three cats, one from each experimental group.

[Table 1](#table1){ref-type="table"} breaks down the locomotor performance of individual cats six weeks after spinal transection. Four cats could not perform hindlimb locomotion six weeks after spinal transection without perineal stimulation and two of these cats could not step with perineal stimulation ([Figure 3B](#fig3){ref-type="fig"}, gray areas). In these cats, the hindlimbs simply dragged behind the body or performed short uncoordinated steps without weight bearing ([Video 6](#video6){ref-type="video"}). Interestingly, the two cats (Cats 7 and 8) that did not express hindlimb locomotion after spinal transection were from the Locomotor-trained group. This is not entirely surprising because these cats also did not recover weight bearing without perineal stimulation ([Figure 2A](#fig2){ref-type="fig"}). We found no significant difference in the locomotor scores between groups at 6 weeks post-transection without (p=0.52, one-way ANOVA) and with (p=0.38, one-way ANOVA) perineal stimulation. Therefore, results indicate that locomotor recovery after complete SCI does not require task-specific training and largely occurs spontaneously.

###### Locomotor performance of individual cats six weeks post-transection without and with perineal stimulation.

Individual cats are listed on the left along with the group (G) they belonged to and whether they were female (F) or male (M). The table shows several locomotor parameters for individual cats of the three groups, including the maximal speed during tied-belt locomotion, tested up to 1.0 m/s, and the maximal speed of the fast limb during split-belt locomotion. For split-belt locomotion, the slow limb stepped at 0.4 m/s while the left (L) and right (R) hindlimbs were tested up to a maximal speed of 1.0 m/s. NT, Not tested; Y, proper digitigrade placement of the paw at contact; I, inconsistent paw placement. A dash mark indicates an inability to perform hindlimb locomotion.

              Without perineal stimulation   With perineal stimulation                                            
  ----------- ------------------------------ --------------------------- ------ --- ----- ---------------- ------ ---
  1-G1 (F)    1.0                            L: 1.0; R: 1.0              \>10   Y   1.0   L: 1.0; R: 1.0   \>10   Y
  2-G1 (F)    0.4-NT                         NT                          \>10   Y   1.0   L: 1.0; R: 1.0   \>10   Y
  3-G1 (M)    0.0                            /                           /      /   1.0   L: 1.0; R: 1.0   \<10   I
  4-G1 (M)    0.4-NT                         NT                          \>10   Y   1.0   L: 1.0; R: 1.0   \>10   Y
  5-G2 (F)    1.0                            L:0.7; R: 1.0               \>10   Y   1.0   L: 1.0; R: 1.0   \>10   Y
  6-G2 (F)    1.0                            L: 1.0; R: 1.0              \>10   Y   0.8   NT               \>10   Y
  7-G2 (F)    0.0                            /                           /      /   0.0   /                /      /
  8-G2 (M)    0.0                            /                           /      /   0.0   /                /      /
  9-G3 (F)    1.0                            L: 0.7; R: 1.0              \>10   Y   1.0   L: 1.0; R: 1.0   \>10   Y
  10-G3 (F)   1.0                            L: 0.8; R: 0.8              \>10   Y   1.0   L: 0.8; R: 0.8   \>10   Y
  11-G3 (M)   0.0                            /                           /      /   1.0   L: 1.0; R: 1.0   \>10   I
  12-G3 (M)   0.4-NT                         NT                          \<10   I   1.0   L: 0.9; R: 0.9   \>10   I

###### Some cats did not recover hindlimb locomotion after spinal transection.

The video shows an example of a cat (Cat 7) from the Locomotor-trained group that did not recover hindlimb locomotion without perineal stimulation six weeks after spinal transection. The treadmill speed was set at 0.4 m/s.

To determine the effects of perineal stimulation on locomotor activity, we measured cycle and phase durations along with the burst durations and mean EMG amplitude of selected muscles without and with perineal stimulation at week six after spinal transection. [Figure 4A](#fig4){ref-type="fig"} shows the EMG activity of four hindlimb muscles, the hip flexor/knee extensor anterior sartorius (SRT) and one extensor muscle bilaterally (BFA, biceps femoris anterior; SOL, soleus; VL, vastus lateralis), along with the support phases in the intact state and six weeks after spinal transection without and with perineal stimulation in four cats. If cats could step without perineal stimulation but with relatively weak hindlimb muscle activity, such as Cat 3, perineal stimulation increased the activity of flexors and extensors, restoring it to levels similar to the intact state, and produced a more robust locomotor pattern ([Video 7](#video7){ref-type="video"}). On the other hand, if the locomotor pattern was robust without perineal stimulation, perineal stimulation had a slightly detrimental (Cat 6) or negligible (Cat 9) effect on hindlimb locomotion and reduced EMG activity in the hip flexor SRT ([Video 7](#video7){ref-type="video"}). In cats that displayed no locomotor activity without perineal stimulation, such as Cat 7, although perineal stimulation increased flexor and extensor activity bilaterally, the hindlimb locomotor pattern remained disorganized, with an inability to flex the hip and move the limb forward during swing ([Video 7](#video7){ref-type="video"}).

![Hindlimb muscle activity during locomotion before and after spinal transection.\
(**A**) Hindlimb locomotor pattern before (Intact) and six weeks after transection in four cats from the three groups, including two from Group 2, during tied-belt locomotion at 0.4 m/s. The effects of perineal stimulation is shown after spinal transection. Each panel shows the EMG from four hindlimb muscles from the right (R) and left (L) hindlimbs: SOL, soleus; BFA, biceps femoris anterior; SRT, anterior sartorius. (**B**) Cycle, stance and swing durations and the phasing between hindlimbs with no (NPS) or with (PS) perineal stimulation at 6 weeks after spinal transection. (**C**) Effect of perineal stimulation on the burst durations and mean EMG amplitudes of the triceps surae (TS, soleus n = 8 or lateral gastrocnemius n = 2) or SRT (n = 7) muscles at 6 weeks after spinal transection. P values above panels in B and C from paired t-tests comparing values obtained without and with perineal stimulation.](elife-50134-fig4){#fig4}

###### The effects of perineal stimulation on hindlimb locomotion six weeks after spinal transection.

The video shows the effects of perineal stimulation on four cats, one from Groups 1 (Non-specific) and 3 (Untrained) and two from Group 2 (Locomotor-trained), on hindlimb locomotion at a treadmill speed of 0.4 m/s six weeks after spinal transection. Left and right panels respectively show hindlimb locomotion without and with perineal stimulation.

As with weight bearing during standing, the effects of perineal stimulation on hindlimb locomotion varied between animals. Thus, we pooled data across cats because there were no visible differences between experimental groups. Across cats, perineal stimulation had no significant effect on cycle, stance or swing durations or on the phasing between hindlimbs at week six after spinal transection, with individual cats showing an increase or decrease in these temporal parameters ([Figure 4B](#fig4){ref-type="fig"}, paired t-tests). Although perineal stimulation had no significant effect on the burst duration of triceps surae (TS) muscles, due to increases or decreases depending on the animal, it significantly increased mean EMG amplitude ([Figure 4C](#fig4){ref-type="fig"}, two leftmost panels; paired t-tests). On the other hand, perineal stimulation did not significantly affect the burst duration or mean EMG amplitude of the SRT muscle, again due to some cats showing either an increase or decrease ([Figure 4C](#fig4){ref-type="fig"}, two rightmost panels; paired t-tests). Thus, 6 weeks after spinal transection, perineal stimulation improved locomotor performance in cats with weak locomotor activity, seemingly by augmenting extensor activity, whereas it had a negligible effect on cats with an already robust locomotor pattern.

The recovery of speed-dependent modulation does not require specific training after spinal transection {#s2-3}
------------------------------------------------------------------------------------------------------

To determine if the ability to perform hindlimb locomotion at different speeds requires specific training, we tested cats at treadmill speeds of up to 1.0 m/s at week six after spinal transection. In the nine cats that we tested treadmill locomotion each week after spinal transection, the testing period lasted \~30 s and was done only at 0.4 m/s, whereas in the other three cats, they were not placed on the treadmill at all until week six after spinal transection. In Group 2, the Locomotor-trained group, cats were only trained at a treadmill speed of 0.4 m/s. However, at week six after spinal transection, all cats that recovered hindlimb locomotion (n = 10/12 cats) could also adjust their pattern up to a maximal speed of 0.8 m/s (n = 1 cat) or 1.0 m/s (n = 9 cats) with perineal stimulation in the tied-belt condition ([Table 1](#table1){ref-type="table"}). Without perineal stimulation, six cats, including at least one from each group, attained a maximal speed of 1.0 m/s in the tied-belt condition ([Table 1](#table1){ref-type="table"}). [Figure 5A](#fig5){ref-type="fig"} shows the EMG activity of four hindlimb muscles, the SRT and one extensor muscle (BFA or VL) bilaterally, along with the support phases in the intact state and at week six after spinal transection with perineal stimulation in three cats, one from each experimental group. As can be observed, all three cats adjusted their hindlimb locomotor pattern to an increase in treadmill speed from 0.4 m/s to 1.0 m/s ([Video 8](#video8){ref-type="video"}). The ability to modulate cycle and phase durations and the phasing between hindlimbs as a function of treadmill speed was not visibly different for the three groups ([Figure 5B](#fig5){ref-type="fig"}). Across cats, an increase in speed significantly decreased cycle (p=2.64×10^−6^) and stance (p=7.61×10^−7^) durations, with no significant effects on swing duration (p=0.11) and the phasing between hindlimbs (p=0.54) (one-factor ANOVA).

![Speed modulation during tied-belt locomotion before and six weeks after spinal transection.\
(**A**) Hindlimb locomotor pattern before (Intact) and six weeks after spinal transection in three cats, one from each group, during tied-belt locomotion at 0.4 m/s and at 1.0 m/s in the spinal state. In the examples shown, cats stepped with perineal stimulation. Each panel shows the EMG from four hindlimb muscles from the right (R) and left (L) hindlimbs: BFA, biceps femoris anterior; SRT, anterior sartorius; VL, vastus lateralis. (**B**) Cycle, stance and swing durations and the phasing between hindlimbs. All cats stepped with perineal stimulation except for Cat 6. Each data point is the mean of 10--15 cycles.](elife-50134-fig5){#fig5}

###### Speed modulation during locomotion recovers without specific training six weeks after spinal transection.

The video shows hindlimb locomotion at treadmill speeds of 0.4 m/s (left panel) and 1.0 m/s (right panel) in three cats, one from each experimental group, six weeks after spinal transection with perineal stimulation.

Burst durations from the VL or BFA, which are active during most of the stance phase, significantly decreased with increasing speed across cats (p=2.07×10^−6^, one-factor ANOVA), with no visible differences between the three groups ([Figure 6](#fig6){ref-type="fig"}, top panel). On the other hand, SRT burst duration, which is active during most of the swing phase, was not significantly modulated by increasing speed across cats (p=0.97, one-factor ANOVA), with no visible differences between the three groups ([Figure 6](#fig6){ref-type="fig"}, 2^nd^ panel from top). An increase in treadmill speed did not significantly increase the mean EMG amplitude of the extensor muscles VL or BFA (p=0.08, one-factor ANOVA) but we did observe a significant increase in the hip flexor SRT (p=0.05, one-factor ANOVA), due to variable changes with increasing speed between animals ([Figure 6](#fig6){ref-type="fig"}, bottom two panels). Thus, overall, spinal-transected cats recovered the ability to adjust their pattern to increasing speed without requiring training at different speeds.

![Modulation of muscle activity with increasing treadmill speed during tied-belt locomotion six weeks after spinal transection.\
From the top, the first panel shows burst durations of the vastus lateralis (VL, n = 4) or biceps femoris anterior (BFA, n = 6) muscles while the second panel shows burst durations of the anterior sartorius (SRT, n = 9) muscle for individual cats, separated by group, as a function of treadmill speed. The third and fourth panels show the mean EMG amplitudes of the VL-BFA and SRT, respectively, for individual cats, separated by group, as a function of treadmill speed. All cats stepped with perineal stimulation except for Cat 6. Each data point is the mean of 10--15 cycles.](elife-50134-fig6){#fig6}

The ability to perform split-belt locomotion does not require task-specific training after spinal transection {#s2-4}
-------------------------------------------------------------------------------------------------------------

To determine if a locomotor task that was not trained for recovered after spinal transection, we tested hindlimb locomotion on a split-belt treadmill, where the speeds of the two belts differed, at week six after spinal transection. Studies have shown that spinal-transected cats can perform locomotion on a split-belt treadmill ([@bib35]; [@bib37]; [@bib39]; [@bib22]). In the present study, cats received no testing or training on the split-belt treadmill before week six after spinal transection. During split-belt locomotor testing, we set the speed of the slow belt at 0.4 m/s and the speed of the fast belt at 0.5 m/s and increased it to 1.0 m/s in 0.1 m/s increments. We have shown that over this range of treadmill speeds for the slow and fast limbs, spinal-transected cats maintain a 1:1 coordination, defined as equal cycle duration for both hindlimbs ([@bib37]; [@bib39]; [@bib22]). In the 10 cats that recovered hindlimb locomotion, we tested adjustments to split-belt locomotion in all of them, although some were not tested without perineal stimulation ([Table 1](#table1){ref-type="table"}). All nine cats, including four cats from Group 1, two cats from Group 2 and 3 cats from Group 3 performed split-belt locomotion with a maximal speed of 0.8 m/s (n = 1 cat) or 1.0 m/s (n = 8 cats) for the fast limb, without or with perineal stimulation ([Table 1](#table1){ref-type="table"}). Note that the hindlimb locomotor pattern in some cats adjusted better if it was the left or right hindlimb stepping on the fast belt. Perineal stimulation generally facilitated split-belt locomotion.

[Figure 7A](#fig7){ref-type="fig"} shows the EMG activity of four hindlimb muscles, the SRT and one extensor muscle (BFA or VL) bilaterally, along with the support phases at week 6 after spinal transection in three cats, one from each experimental group, during split-belt locomotion with the slow left hindlimb at 0.4 m/s and the right fast hindlimb stepping at 0.5 m/s, 0.7 m/s and 1.0 m/s. Cat 2 and Cat 5 stepped with perineal stimulation while Cat 9, from the Untrained Group, stepped without perineal stimulation ([Video 9](#video9){ref-type="video"}). As can be observed, all three cats adjusted their hindlimb locomotor pattern to an increase in the treadmill speed of the fast belt from 0.5 m/s to 1.0 m/s. To maintain a 1:1 coordination, the proportion of the stance phase of the slow limb and the swing phase of the fast limb increased, as shown in intact, decerebrate and spinal-transected cats as well as healthy humans ([@bib55]; [@bib45]; [@bib23]; [@bib66]; [@bib38]; [@bib39]).

###### The capacity for split-belt locomotion recovers without specific training six weeks after spinal transection.

The video shows the hindlimb locomotor pattern on a split-belt treadmill in three cats, one from each experimental group, six weeks after spinal transection with (Cat 2 and Cat 5) or without (Cat 9) perineal stimulation. For each cat, the slow belt operated at a speed of 0.4 m/s while the fast belt was set at 0.5 m/s (left panel) and 1.0 m/s (right panel).

The ability to modulate cycle and phase durations and the phasing between hindlimbs as a function of treadmill speed was not visibly different for the three groups for the fast and slow hindlimbs ([Figure 7B](#fig7){ref-type="fig"}). Across cats, an increase in speed significantly decreased cycle (p=0.001), stance (p=2.54×10^−13^) and swing (p=1.02×10^−4^) durations of the fast limb, with no significant effect on the phasing between hindlimbs (p=0.45) (one-factor ANOVA). For the slow hindlimb stepping at 0.4 m/s, increasing the speed of the treadmill of the fast belt significantly increased cycle (p=0.004) and swing durations (p=0.01) with no significant effect on stance duration (p=0.72) (one-factor ANOVA). Note that we did not test all speeds in Cat 11 of Group 3. Therefore, these results indicate that spinal-transected cats recover the ability to perform split-belt locomotion, maintaining interlimb coordination, without requiring task-specific training.

![Split-belt locomotion six weeks after spinal transection.\
(**A**) Hindlimb locomotor pattern six weeks after spinal transection in three cats, one from each group during split-belt locomotion with the slow (left) hindlimb stepping at 0.4 m/s and the fast (right) hindlimb stepping at 0.5 m/s, 0.7 m/s and at 1.0 m/s. In the examples shown, Cat 2 and Cat 5 stepped with perineal stimulation while Cat 9 stepped without. Each panel shows the EMG from 4 hindlimb muscles from the right (R) and left (L) hindlimbs: BFA, biceps femoris anterior; SRT, anterior sartorius; VL, vastus lateralis. (**B**) Cycle, stance and swing durations and the phasing between hindlimbs for the fast (left panels) and slow (right panels) limbs. All cats stepped with perineal stimulation except for Cats 6, 9 and 10. Each data point is the mean of 10--15 cycles. Note, that some intermediate speeds were not tested in Cat 11.](elife-50134-fig7){#fig7}

Discussion {#s3}
==========

Locomotor recovery after spinal cord injury does not require task-specific training {#s3-1}
-----------------------------------------------------------------------------------

Consistent with our hypothesis, we found that the recovery of hindlimb locomotion after complete SCI in the adult cat does not require task-specific training. Indeed, all cats that did not receive task-specific locomotor training, which includes 4 of 4 cats in Group 1 (Non-specific) that received manual therapy and 4 of 4 cats in Group 3 (Untrained) that received no intervention or training of any kind after spinal transection recovered hindlimb locomotion ([Figure 3](#fig3){ref-type="fig"}). Moreover, 3 cats out of 4 in Group 1 attained the highest performance level on our scale without and with perineal stimulation 6 weeks after spinal transection, whereas 2 and 3 cats attained the highest performance level without and with perineal stimulation, respectively, in Group 3. It should be emphasized that three cats, Cat 1 and Cat 2 from Group 1 and Cat 12 from Group 3 were not tested for standing or locomotor performance in the five weeks after spinal transection. At week 6 after spinal transection, on their very first testing day, these three cats performed hindlimb locomotion at the highest level on our scale, which includes full weight bearing and proper digitigrade placement ([Figure 3](#fig3){ref-type="fig"}). Therefore, we showed that hindlimb locomotion recovered with rhythmic manual stimulation of the triceps surae muscles, a non-task-specific training (Group 1, Non-specific), as well as without any intervention (Group 3, Untrained). In other words, our results indicate that task-specific sensory feedback does not drive hindlimb locomotor recovery after complete SCI. The notion that mass practice of locomotion is beneficial to locomotor recovery in pre-clinical models of complete SCI has become widely accepted and current rehabilitation approaches in people with SCI include several weeks or months of intensive BWSTT ([@bib2]; [@bib41]; [@bib78]). However, before these recent studies in people with SCI, a few studies had shown that spinal-transected animals in control groups, receiving no treatment or non-task-specific training, such as stand training, recovered some level of hindlimb locomotor performance ([@bib58]; [@bib49]; [@bib18]; [@bib19]; [@bib21]). These studies emphasized that treadmill-trained animals had a tendency to recover better than controls, thus obscuring the message that hindlimb locomotion recovered without task-specific locomotor training. In the present study, we clearly show that spinal-transected cats receiving manual therapy or no training at all recovered a high level of performance six weeks after complete SCI, which included locomotion from 0.1 m/s to 1.0 m/s and also split-belt locomotion with the fast hindlimb stepping at more than twice the speed of the slow hindlimb. Moreover, three animals, two from the Non-specific group and one from the Untrained group, were not even tested on the treadmill until week 6 after spinal transection, and these animals recovered hindlimb locomotion to our highest performance level. Our results are consistent with a study in spinal-transected rats that found no significant differences between trained and untrained groups ([@bib1]). Together, these results indicate that the spinal locomotor CPG located at lumbar levels and its interactions with sensory feedback from the limbs are largely intact after complete SCI and do not require task-specific neuroplastic mechanisms to regain their functionality. Additionally, the ability to modulate speed and coordinate left-right activity during split-belt locomotion is conserved after complete SCI, without requiring specific training to recover.

The observation that hindlimb locomotion recovered without training in our Untrained group suggests that it occurred spontaneously. However, we observed that most cats displayed sporadic episodes of rhythmic activity of their hindlimbs when sitting in their cages while they were supporting their body weight with their forelimbs. This activity consisted of v-shaped alternating forward and backward hindlimb movements. In this sitting position, the perineal skin is stimulated and likely activates the spinal locomotor CPG. Some cats also displayed vigorous rhythmic muscle spasms, consistent with the presence of spasticity ([@bib71]). Thus, it is possible that these rhythmic activities participated in the recovery of hindlimb locomotion by providing excitatory inputs to spinal sensorimotor circuits. However, these types of activities are non-task-specific and do not change our main finding that task-specific training is not required for locomotor recovery. It is also possible that the emergence of these rhythmic activities were a consequence, and not the cause, of a return of excitability within spinal sensorimotor locomotor circuits.

We also showed that weight bearing during standing is a function that recovered without task-specific training, and in all cats that we tested weekly after spinal transection, it recovered before hindlimb locomotion. It was shown that training spinal-transected cats to stand interfered with the recovery of hindlimb locomotion, whereas treadmill training did not promote standing recovery ([@bib49]). Although we did not compare stand training to step training, we show that the ability to stand and step recover in parallel, with weight bearing during standing recovering more rapidly than hindlimb locomotion.

Locomotor recovery after spinal cord injury requires sufficient excitability within the spinal sensorimotor circuits {#s3-2}
--------------------------------------------------------------------------------------------------------------------

To increase spinal neuronal excitability, we manually stimulated the perineal skin during standing and during treadmill locomotion, which is known to facilitate hindlimb locomotion in spinal-transected mammals through an undefined mechanism ([@bib7]; [@bib9]; [@bib57]; [@bib1]). With perineal stimulation, full hindlimb weight bearing during standing was present as early as one week after spinal transection and the highest level of hindlimb locomotor performance was attained as early as two weeks after transection in some cats ([Figures 2A](#fig2){ref-type="fig"} and [3A](#fig3){ref-type="fig"}). During standing and locomotion, perineal stimulation increased the activity of extensors, with no significant increase in flexors ([Figures 2](#fig2){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Over time, standing and hindlimb locomotion recovered without the need for the facilitation of spinal neuronal excitability provided by perineal stimulation. In other words, the re-expression of hindlimb locomotion after complete SCI required the return of neuronal excitability in largely intact spinal sensorimotor circuits, which is normally facilitated by monoaminergic inputs from the brainstem. Our results are consistent with several pharmacological studies that have shown that increasing spinal neuronal excitability by injecting noradrenergic agonists in spinal-transected cats ([@bib36]; [@bib5]; [@bib14]; [@bib15]) or serotonergic agonists in spinal-transected rodents ([@bib33]; [@bib53]; [@bib3]; [@bib4]; [@bib73]) facilitated hindlimb locomotion. In a similar vein, reducing inhibition by blocking GABAergic or glycinergic transmission within the spinal cord of spinal-transected animals facilitated hindlimb locomotion ([@bib67]; [@bib21]). Taken together, these results indicate that spinal locomotor sensorimotor circuits are functional after complete SCI but lack sufficient excitability. Providing excitability restores hindlimb locomotion without the need for weeks of intensive task-specific locomotor training.

Spinal transection is undoubtedly the most reproducible type of SCI in pre-clinical models. Despite this high reproducibility, the recovery of standing and hindlimb locomotion in spinal-transected cats varied between animals ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). The inter-animal variability in recovery can be due to several factors, including inherently different potentials for recovery, the amount of episodes of rhythmic non-locomotor activities and the general health of the animal. Another factor to consider is whether the sex of the animals impacted locomotor recovery after SCI. We think that it is unlikely that sex played a role in locomotor recovery because the Non-specific and the Untrained groups showed similar levels of recovery and included 2 males and 2 females in each group. The sex of individual cats is indicated in [Table 1](#table1){ref-type="table"}. Although, the Locomotor-trained group included 3 females and 1 male, the two cats that did not recover hindlimb locomotion included a male and a female cat. We do not know why these two animals did not recover hindlimb locomotion after spinal transection. Although we can only speculate, their inability to perform hip placement for rostral positioning of the paw and their lack of weight bearing suggests failure in spinal circuits that coordinate motor pools and/or integrate sensory feedback from the limbs.

Concluding remarks {#s3-3}
------------------

In the present study, we asked the following question: does sensory feedback need to be specific to the task to facilitate the recovery of hindlimb locomotion after complete SCI? The answer is no. Sensory feedback is undoubtedly required to initiate and control hindlimb locomotion in spinal-transected cats, allowing it to adjust to different treadmill speeds during tied-belt and split-belt locomotion. However, during the recovery period, task-specific sensory feedback is not required to drive the recovery of hindlimb locomotion, speed modulation or the ability to adjust to split-belt locomotion.

The neurophysiological basis for locomotor training in pre-clinical animal models and in humans is scientifically sound. It assumes that the spinal locomotor CPG located at lumbar levels caudal to the low thoracic SCI is largely intact and that it can interact with sensory feedback from the limbs. It was suggested that these interactions through mass practice of walking supposedly teach the spinal locomotor CPG to function with diminished inputs from the brain. The evidence for a spinal locomotor CPG in humans has been extensively presented and discussed ([@bib29]; [@bib25]; [@bib82]; [@bib64]) and studies have shown that the injured spinal cord strongly responds to sensory feedback from the limbs ([@bib49]; [@bib46]; [@bib24]; [@bib30]). We know from animal and human studies that somatosensory feedback is essential for the expression of locomotion after SCI ([@bib10]; [@bib74]; [@bib12]; [@bib34]). This is not surprising because humans with an intact central nervous system cannot walk following the loss of touch and proprioceptive feedback and rare cases of recovery require years of intense therapy, as all movements need to be consciously planned and executed ([@bib56]). Spinal cord injury disrupts many proprioceptive and cutaneous pathways ascending to the brain that are essential for the control of posture and locomotion. In other words, people with SCI must cope not only with less voluntary control over their muscles but also with absent or less detailed information about their movements.

The results from our Locomotor-trained group, in which two cats did not recover the capacity for standing or hindlimb locomotion after complete SCI, suggest that locomotor training might even be detrimental. However, we do not think this is the case. Hindlimb locomotor performance in spinal-transected cats runs along a continuum with low-level to high-level performers, regardless of the approach used in the recovery period ([Figure 3](#fig3){ref-type="fig"}). We think it a coincidence that the two cats that did not recover hindlimb locomotion fell into the Locomotor-trained group, as the other two cats in this group recovered standing and locomotion to the highest level without perineal stimulation. Locomotor training in humans is a form of exercise that undoubtedly provides benefits, such as promoting cardiovascular and musculoskeletal health ([@bib82]; [@bib60]; [@bib75]), as well as providing social interactions. However, whether locomotor training is an optimal form of exercise for inducing these benefits in people with SCI requires further investigation, as locomotor training is costly and demanding for participants, both physically and mentally.

To conclude, the results from the present study and other studies discussed indicate that the recovery of hindlimb locomotion simply requires an adequate return of excitability with spinal neuronal circuits caudal to the SCI. The important distinction to make for locomotor recovery after SCI is whether animals, including humans, learn or re-express locomotion. Motor learning can broadly be defined as an experience-dependent improvement in performance ([@bib54]). However, this definition generally applies to the acquisition of new motor skills. On the other hand, the ability to perform locomotion or locomotor-like movements is present at birth, as shown in several neonatal animals, including humans ([@bib16]). Thus, we should consider the recovery of hindlimb locomotion in pre-clinical models a re-expression of an impaired innate function, accomplished by restoring sufficient excitability within spinal sensorimotor circuits, as opposed to learning a skill. In humans with severe SCI, however, it is entirely possible that they learn to consciously plan and execute every step, as seen in people with no touch or proprioceptive feedback. This is probably why the walking pattern in humans with severe SCI loses its automaticity ([@bib2]; [@bib41]; [@bib78]).

Materials and methods {#s4}
=====================

Animals and ethical information {#s4-1}
-------------------------------

All procedures were approved by the Animal Care Committee of the Université de Sherbrooke and were in accordance with policies and directives of the Canadian Council on Animal Care (Protocol 442--18). Twelve adult cats (\>1 year of age at time of experimentation), 5 males and 7 females, weighing between 3.6 kg and 4.7 kg were used in the present study. Our study followed the ARRIVE guidelines for animal studies ([@bib52]). To reduce the number of animals used in research, some of the cats used in the present study were used in another study to answer a different scientific question ([@bib22]).

Surgical procedures {#s4-2}
-------------------

Implantation and spinal transection surgeries were performed on separate days under aseptic conditions with sterilized instruments in an operating room. Prior to surgery, butorphanol (0.4 mg/kg), acepromazine (0.1 mg/kg), and glycopyrrolate (0.01 mg/kg) were injected intramuscularly for sedation. Ketamine and diazepam (0.05 ml/kg) were then injected intramuscularly for induction. Cats were anesthetized with isoflurane (1.5--3%) delivered in O2, first with a mask and then with an endotracheal tube. During surgery, we maintained anesthesia by adjusting isoflurane concentration as needed (1.5--3%) by monitoring cardiac and respiratory rate. A catheter was also placed in a cephalic vein to continuously supply Ringers lactate solution (3 ml/kg/h) for cardiovascular support. Body temperature was monitored with a rectal thermometer and maintained within physiological range (37 ± 0.5°C) using a water-filled heating pad placed under the animal and an infrared lamp placed ∼50 cm over the animal. The animal's skin was carefully shaved using electric clippers and cleaned with chlorhexidine soap. The depth of anesthesia was confirmed by applying pressure to a paw (to detect limb withdrawal) and by assessing the size and reactivity of pupils. At the end of surgery, we injected an antibiotic (Convenia, 0.1 ml/kg) subcutaneously and we taped a transdermal fentanyl patch (25 mcg/h) to the back of the animal 2--3 cm rostral to the base of the tail for prolonged analgesia (4--5 day period). We also injected buprenorphine (0.01 mg/kg), a fast-acting analgesic, subcutaneously at the end of the surgery and ∼7 hr later. After surgery, we placed the cats in an incubator until they regained consciousness.

### Electrode implantation {#s4-2-1}

To record muscle activity (EMG, electromyography), we directed Teflon-insulated multistrain fine wires (AS633; Cooner Wire) subcutaneously from two head-mounted 34-pin connectors (Omnetics Connector). Bipolar recording electrodes were sewn into the belly of selected hindlimb muscles, with 1--2 mm of insulation removed from each wire. The head connector was secured to the skull using dental acrylic. We verified electrode placement during surgery by electrically stimulating each muscle through the appropriate head connector channel.

### Spinal transection {#s4-2-2}

The skin was incised over the last thoracic vertebrae and after carefully setting aside muscle and connective tissue, a small dorsal laminectomy was made. The dura was removed and xylocaine (Lidocaine hydrochloride, 2%) was applied topically and injected within the spinal cord. We then completely transected the spinal cord with surgical scissors between the 12^th^ and 13^th^ thoracic vertebrae. The gap (0.5--1.0 cm) between the two cut ends of the spinal cord was then cleaned and any residual bleeding was stopped. We verified that no spinal cord tissue remained connecting rostral and caudal ends. A hemostatic agent (Spongostan) was placed within the gap, and muscles and skin were sewn back to close the opening in anatomic layers. After spinal transection, we manually expressed the cat's bladder and large intestine one to two times daily, or as needed.

### Histology {#s4-2-3}

At the conclusion of the experiments, cats were deeply anesthetized, as described above, and received a lethal dose of sodium pentobarbital (120 mg/kg) through the cephalic vein. We dissected a 2 cm length of spinal cord centered around the injury and placed it in 25 ml of 4% paraformaldehyde solution (PFA in 0.1 m PBS, 4°C). After five days, the spinal cord was cryoprotected in PBS with 30% sucrose for 72 hr at 4°C. We then cut the spinal cord in 50 µm coronal sections using a cryostat (Leica CM1860, Leica Biosystems Inc, Concord, ON, Canada). Sections were mounted on slides and stained with 1% Cresyl violet. All slides were scanned by Nanozoomer (Hamamatsu Corporation, NJ) and we performed qualitative and quantitative evaluations of the lesioned area.

Experimental groups and recovery period {#s4-3}
---------------------------------------

To investigate if locomotor recovery after complete SCI requires task-specific training or occurs spontaneously, we divided cats into three groups of four animals. In Group 1 (Non-specific), to evaluate non-task-specific training, cats (2 females, 2 males) received manual therapy five times a week for 5 weeks, 20 min per day, starting one week after spinal transection. Cats were placed on a padded support and a cushioned restraint stabilized the pelvis. One hindpaw was fixed to a robotic arm (Fanuc Robotics) and the other hindpaw to a rigid support ([Figure 1B](#fig1){ref-type="fig"}). The limb positions/joint angles were the same for both hindlimbs throughout the treatment period. For manual therapy, an experimenter applied rhythmic unilateral pressure, consisting of distal to proximal lengthwise strokes at 0.33 Hz to the triceps surae muscles. This manual therapy is akin to massage therapy applied in the clinic. Each leg was manually stimulated for 10 min, 5 times a week. In Group 2 (Locomotor-trained), to evaluate task-specific training, cats (3 females, 1 male) received locomotor training on a treadmill five times a week for 5 weeks, 20 min per day, starting one week after spinal transection. For locomotor training, the cat's hindlimbs were placed on a motorized treadmill with the forelimbs on a stationary platform. The treadmill was composed of two independently controlled running surfaces 120 cm long and 30 cm wide (Bertec, Columbus, OH). A Plexiglas separator was placed between the hindlimbs to prevent them from impeding each other. During training, two experimenters manually moved the hindlimbs at a belt speed of 0.4 m/s to simulate locomotion with appropriate joint kinematics and paw contacts. In Group 3 (Untrained), to determine if hindlimb locomotion recovers spontaneously, cats (2 females, 2 males) did not receive any treatment for the 5 weeks after spinal transection.

Data collection and analysis {#s4-4}
----------------------------

We evaluated the recovery of weight bearing during standing and hindlimb locomotion each week after spinal transection in all but three cats (two from Group 1 and one from Group 3). Chronologically, these were the first three cats experimented upon and this was done to avoid any type of training effect. However, because we observed substantial recovery in these animals, we decided to perform weekly testing for the subsequent 9 animals. To test the recovery of weight bearing during standing in the first 5 weeks after spinal transection, we collected EMG data while the hindlimbs were positioned to bear weight during standing without and with perineal stimulation for \~15 s in each condition. Perineal stimulation is known to facilitate weight bearing and hindlimb locomotion in spinal-transected animals through a non-specific increase in spinal excitability ([@bib7]; [@bib9]; [@bib57]; [@bib1]).

To assess locomotor recovery in the first 5 weeks after spinal transection, we started the treadmill belt at 0.4 m/s and collected EMG and kinematic data without and with perineal stimulation for \~30 s in each condition. Cats performed bipedal hindlimb locomotion with the forelimbs on a stationary platform. At week six after spinal transection, we performed a more thorough assessment during tied-belt and split-belt locomotion. In the tied-belt condition, where the two belts operated at the same speed, cats performed locomotion at speeds ranging from 0.1 to 1.0 m/s in 0.1 m/s increments. During split-belt locomotion, where the two belts operate at different speeds, the slow limb stepped at 0.4 m/s and the fast limb stepped from 0.5 to 1.0 m/s in 0.1 m/s increments. Both the left and right limbs were tested as the slow and fast limbs during split-belt locomotion. Perineal stimulation was only used for testing and not during locomotor training in Group 2. During testing, an experimenter gently held the tail to provide equilibrium. We tested weight bearing during standing and hindlimb locomotion once a week after spinal transection to avoid a training effect. To quantify the functional recovery of standing and hindlimb locomotion, we used six and nine point scales, respectively, as follows:

### Weight bearing scale during standing {#s4-4-1}

1.  No weight bearing

2.  Tonic hip flexion

3.  Tonic hip extension

4.  Incomplete weight bearing

5.  Full weight bearing

6.  Full weight bearing plus stomping

### Locomotor scale {#s4-4-2}

1.  No hindlimb movements

2.  Barely perceptible movements of hindlimb joints (hip, knee, ankle)

3.  Tonic hyperflexion or hyperextension

4.  Brisk movements at one or more hindlimb joints (hip, knee, ankle) in one or both limbs but no coordination

5.  Left-right alternation but no weight bearing

6.  Left-right alternation, weight bearing but improper paw placement

7.  Left-right alternation, weight bearing, proper paw placement but some deficits, such as caudal paw contact and hyperflexion

8.  Left-right alternation, weight bearing, proper paw placement but some deficits, such as a limping gait

9.  Left-right alternation, weight bearing, proper paw placement, no visible deficits

We performed kinematic recordings as described previously ([@bib48]). We placed reflective markers on the skin over the iliac crest, greater trochanter, lateral malleolus, metatarsophalangeal joint and at the tip of the toes. Two cameras (Basler AcA640-100 gm) obtained videos of the left and right sides at 60 frames/s with a spatial resolution of 640 by 480 pixels. A custom-made program (Labview) acquired the images and synchronized acquisition with EMG data. By visual inspection, we determined limb contact as the first frame where the paw made visible contact with the treadmill surface, and limb liftoff as the most caudal displacement of the toe, for both hindlimbs. We used the reflective markers to perform a frame-by-frame reconstruction of hindlimb movements in a stick figure format achieved by connecting each joint sequentially. We measured cycle duration from two successive contacts of the same limb, stance duration from limb contact to liftoff and swing duration as cycle duration minus stance duration. We measured the phasing between hindlimbs as the interval of time between contact of the right and left hindlimbs normalized to cycle duration of the right hindlimb.

Electromyography was pre-amplified (x10, custom-made system), bandpass filtered (30--1000 Hz) and amplified (100-5000x) using a 16-channel amplifier (model 3500; AM Systems, Sequim, WA). As we implanted more than 16 muscles per cat, we obtained data in each locomotor condition twice, one for each connector. EMG data were digitized (2000 Hz) with a National Instruments card (NI 6032E), acquired with custom-made acquisition software and stored on computer. Although several muscles were implanted, we only describe the activity of the soleus (SOL, ankle extensor) and tibialis anterior (TA, ankle flexor) for standing experiments. For locomotion, we describe the activity of the following muscles, which were available in most cats: soleus (SOL, ankle extensor), biceps femoris anterior (BFA, hip extensor), vastus lateralis (VL, knee extensor) and the anterior sartorius (SRT, hip flexor/knee extensor). For standing, we measured EMG activity over a period of 1 s, while during locomotion we measured EMG burst activity from onset to offset. We measured mean EMG amplitude by integrating the full-wave rectified EMG from onset to offset and dividing it by the selected duration (1 s window for standing and burst duration for locomotion).

Statistical analysis {#s4-5}
--------------------

We performed statistical analyses with IBM SPSS Statistics 20.0. To determine the effect of training on locomotor recovery, we used a one-factor ANOVA on the locomotor scores to determine statistical differences between the three groups six weeks after spinal transection. For the effect of perineal stimulation on cycle and phase durations, the phasing between hindlimbs and muscle activity, we statistically compared values obtained during quiet standing and locomotion without and with perineal stimulation with a Student's paired t-test for pooled data. To determine if speed significantly modulated cycle and phase durations, the phasing between hindlimbs and EMG activity during tied-belt and split-belt locomotion, we performed a one-factor ANOVA for pooled data. The difference was significant at an alpha level of 0.05. We did not adjust the α level for multiple comparisons ([@bib70]; [@bib50]). We followed the recommendation of [@bib70] for not correcting for multiple comparisons, in contrast to other views ([@bib43]; [@bib65]; [@bib42]). Proponents of adjusting for multiple comparisons agree with Rothman\'s recommendation when the objective of the analysis is to scientifically report and interpret the data ([@bib43]). Implicit in the assumption that correcting for multiple corrections is needed is that associations between variables in the dataset are manifestations of random processes, or chance ([@bib70]; [@bib43]), which does not apply to our study design. Although this assumption may hold true for certain associations, we do not believe it is valid when considering the association between temporal variables or EMG amplitude at different speeds or left--right speed differences. In this study, we believe that it was more important to avoid false negatives (type II errors) than false positives (type I errors).
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In the interests of transparency, eLife publishes the most substantive revision requests and the accompanying author responses.

**Acceptance summary:**

Your study addresses important questions with regards to the necessity of task specific training for restoring motor function following spinal cord injury. Your study provides important evidence that sensory feedback and the restoration of neuronal excitability are key elements in recovery, independent of task specific training. This is an interesting and somewhat unexpected finding and will certainly provoke great interest in the field.

**Decision letter after peer review:**

\[Editors' note: the authors were asked to provide a plan for revisions before the editors issued a final decision. What follows is the editors' letter requesting such plan.\]

Thank you for sending your article entitled \"Locomotor recovery after spinal cord injury does not require task-specific training\" for peer review at *eLife*. Your article is being evaluated Ronald Calabrese as the Senior Editor, a Reviewing Editor, and three reviewers.

Given the list of essential revisions, including new experiments, the editors and reviewers invite you to respond within the next two weeks with an action plan and timetable for the completion of the additional work. We plan to share your responses with the reviewers and then issue a binding recommendation.

Summary:

It has been demonstrated that locomotion recovers by various means after complete transection in a number of animal models of spinal cord injury due to the presence of a hypothesized network of neurons in the lumbar spinal cord (Central Pattern Generator). It is often assumed that this recovery requires both task-specific training and sensory input to the locomotor neural network. However, few have directly tested if task-specific training is necessary for locomotor recovery, despite this practice now being commonly utilized in clinical trials and physical therapy clinics. The authors hypothesize that recovery of hindlimb locomotion after complete transection does not require task-specific training and, in fact, the field seems to suffer from a lack of appropriate controls or proper analysis of results. In order to test this, the authors spinally transected 12 cats and compared locomotor training (treadmill) vs. manual therapy vs. no training at all (to determine if locomotion recovers spontaneously). Based on their experiments, the authors conclude, after testing for recovery of weight bearing and locomotion (both with EMG of relevant musculature and behavioral scoring), that hindlimb locomotor recovery does not require task-specific training and that weight-bearing recovers spontaneously. This is a provocative finding and challenges the status quo.

Essential revisions:

1\) Histology is mentioned in the Materials and methods section but in the Results section it is stated that the data are not shown. The authors should add some qualitative or quantitative data.

2\) The results and figures are sometimes difficult to understand. For example, individual cats are mentioned instead of experimental groups and the figures show groups that are not defined in the figure. It would be helpful to define groups on figures with a color code.

3\) Since a main point of the manuscript is that task specific and non-task specific training are equally effective at promoting recovery, the analysis of the locomotor data is surprisingly incomplete. A lot of effort was spent on collecting EMG and kinematic recordings (evident given the overwhelming number of recordings and stick figures shown in the paper), a detailed analysis and comparisons between groups are missing (e.g., burst duration, coactivation, left-right coupling, weight support during stepping, stance phase duration etc.). This makes it difficult for the reader to judge if the locomotor pattern does recover similarly between the groups. This could be easily addressed considering the large amount of data collected.

4\) Every evaluation is performed with and without perineal stimulation. These data represent a large portion of the figures. Please better justify why the authors performed these two sets of approaches. Also, although, perineal stimulation is a standard in this field, a clear definition of what this means should be included, perhaps even at the start of the results where it is first used. Moreover, the Materials and methods section does not provide details about the protocol for how and when this sensory stimulation was performed -- please add those details. Is perineal possibly a confounding factor by adding sensory stimulation? This should be further elaborated, since it seems important for the study.

5\) Although each group included 4 animals, not all the animals were tested at all time points. For example, in Group 1 only 2 animals were evaluated for weight-bearing. This would benefit from better explanation and bigger group sizes. Indeed, this was a major concern and raised by all reviewers, and thus, we urge the authors to perform a careful power analysis and justify the number of animals used. Along these lines: the fact that 50% of the cats in the task specific training group (considered the gold standard) did not recover, dilutes the conclusions and indicates the need for more animals. Thus, the authors need to provide some evidence that they tested enough animals to arrive at their provocative conclusions.

6\) To make the groups clearer, perhaps the authors could clearly define Groups 1, 2 and 3 at the beginning of the Results section and then stick with this designation throughout. Alternatively, the authors could name the groups (e.g. trained, untrained, non-specific) and put these labels in the table as well.

7\) If weight-bearing and locomotor recovery is a spontaneous mechanism in adult cats with a complete SCI, how can it be explained that only half of the animals of Group 2 (receiving specific training) were able to recover in both tasks. Do these findings indicate that specific training is even detrimental?

8\) Considering that the primary focus of this manuscript is to examine task specific training, it is interesting that locomotion is also tested using a different paradigm than was used for training. More specifically, training was given on a normal treadmill but a new protocol to assess the locomotion (split-belt locomotion) was tested. There are no real data shown for this and it is unclear how these results add to the study. This part could easily be expanded and needs to be carefully addressed.

9\) The suggestion is made that improvements in weight-bearing and locomotion are due to sensory feedback. However, the type of sensory inputs activated and their potential roles in promoting recovery are not further explored. In other words, locomotor training (specific training) and massage (non-task specific training) must have a similar effect since both are stimulating sensory fibers, but this doesn\'t happen. The authors need to discuss why there are two animals in Group 2 that are unable to support weight or walk despite the sensory stimulation.

10\) Another important question is why the cats of Group 3 have a similar recovery to Group 1? How does this support the idea that sensory feedback is essential? Did the massage (sensory stimulation) actually contribute to recovery, is it possible that the unstimulated animals stimulate themselves as they move about their home cages, similar to massage? Please clarify.

11\) Weight-bearing was evaluated once every week for all the animals, but it is not clear how this testing was performed and quantified. A 15 seconds window was chosen to evaluate the task. This is a very short time window, which is justified to avoid a training effect. However, there is no reference if the final test (week 6) was performed using the same time window, longer, or how it was performed. It is also possible that improvements in weight-bearing and/or locomotion could be related to spasticity. As training was reported to reduce spasticity, could a decline in spasticity in the trained group explain why some animals performed worse?

12\) As the study is somewhat controversial, one would like to see the reported results better integrated into the broader literature. This includes data from humans to rodents, where many studies on spontaneous recovery and/or training have been reported. This is also important given the *eLife* is read by a very general readership.

13\) Subsection "Weight bearing recovers spontaneously after spinal transection" -- This statement is not correct -- In Group 2 only half of the animals were able to recover weight-bearing.

14\) It could be preferred to show in Figure 2B the EMG of one cats of each group. Otherwise the contribution of this figure to the story is unclear.

15\) Figure 2C/Figure 4B, why were 9 cats used to calculate the mean of EMG with and without perineal stimulation? The motivation for this analysis is unclear and would benefit form more explanation (or the separation of groups).

16\) For Figure 4A, please be consistent in the way the EMGs are arranged for each animal.

17\) Although knowledge of the mechanisms involved in the recovery of locomotion and weight-bearing is important in the cat, the clinical relevance of this study could be discussed more carefully. Considering the current evidence, the proposal that training maybe not be essential and could be replaced by sensory stimulation extends beyond the scope of the study and should be revised. The authors may also consider studying recovery in animals that are more fully deprived of sensory stimuli (i.e., by explicitly limiting the animals\' ability to self-administer sensory stimuli while in their home-cage) to better emulate the scenario in humans that are wheelchair bound.

18\) Was weight-bearing or gait analysis blinded for the investigators using the scale? Please clarify.

19\) The data should be displayed with all data points for transparency especially in Figure 2C and Figure 4B. In addition, the way they are displayed now makes it seem as if an ANOVA is more appropriate than the t-test values shown. Please modify and clarify the use of your statistical method. Also, the authors should consider the effects of multiple comparisons for the effects of perineal stimulation.

20\) Were there any trends in the responses between males and females? Given the new NIH mandate, I think it\'s worth a cursory analysis (though we do understand that these are very small groups).

21\) It seems as if kinematic variability could be a further marker of impairment (or, conversely, recovery) after SCI. Have you considered using something like the angular coefficient of correspondence with hip-knee, hip-ankle, and knee-ankle joint space? (For reference, see Sohn et al., 2018). Or perhaps more kinematic analyses like swing duration, stance duration, interlimb coordination, step height, etc? (for reference see Musienko et al., 2011). These analyses could inform the likelihood of weight-bearing ability after injury which the authors state is necessary for recovery.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"The recovery of standing and locomotion after spinal cord injury does not require task-specific training\" for further consideration by *eLife*. Your revised article has been evaluated by Ronald Calabrese (Senior Editor) and a Reviewing Editor.

The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:

The authors have generally done an excellent job in revising, except for one important point: it remains difficult to determine how many animals in total recovered locomotion without training. A clear statement of this number would be very helpful, with perhaps some notes on how many were completely untrained and how many got manual manipulations as well as a note about slight variations in timings of locomotor testing. This overall statement could go at the beginning of the Discussion section or end of the Results section.

10.7554/eLife.50134.sa2

Author response

\[Editors\' note: the authors' plan for revisions was approved and the authors made a formal revised submission.\]

> Essential revisions:
>
> 1\) Histology is mentioned in the Materials and methods section but in the Results section it is stated that the data are not shown. The authors should add some qualitative or quantitative data.

We have added the histological confirmations of the spinal transections for all cats in Figure 1C and some additional texts describing the surgery.

> 2\) The results and figures are sometimes difficult to understand. For example, individual cats are mentioned instead of experimental groups and the figures show groups that are not defined in the figure. It would be helpful to define groups on figures with a color code.

The groups are now written out on each figure (Non-specific, Locomotor-trained and Untrained) and color-coded.

> 3\) Since a main point of the manuscript is that task specific and non-task specific training are equally effective at promoting recovery, the analysis of the locomotor data is surprisingly incomplete. A lot of effort was spent on collecting EMG and kinematic recordings (evident given the overwhelming number of recordings and stick figures shown in the paper), a detailed analysis and comparisons between groups are missing (e.g., burst duration, coactivation, left-right coupling, weight support during stepping, stance phase duration etc.). This makes it difficult for the reader to judge if the locomotor pattern does recover similarly between the groups. This could be easily addressed considering the large amount of data collected.

We added three new figures and additional data to Figure 4. In Figure 4, we show cycle, stance and swing durations and the phasing between hindlimbs at week 6 after spinal transection without and with perineal stimulation. We also show burst durations and mean EMG amplitude of a triceps surae muscle (soleus or lateral gastrocnemius) as well as the sartorius muscle. In Figure 5, we show adjustments in cycle, stance and swing durations and hindlimb phasing to an increase in treadmill speed for individual cats, separated into the three groups, at week 6 after spinal transection. In Figure 6, we show adjustments to treadmill speed for EMG burst durations and mean amplitude. In Figure 7, we show adjustments during split-belt locomotion for temporal parameters (cycle and phase durations and hindlimb phasing) for the slow and fast limbs.

We also added 9 videos to complement several figures. These videos are referenced in the Results section.

> 4\) Every evaluation is performed with and without perineal stimulation. These data represent a large portion of the figures. Please better justify why the authors performed these two sets of approaches. Also, although, perineal stimulation is a standard in this field, a clear definition of what this means should be included, perhaps even at the start of the results where it is first used. Moreover, the Materials and methods section does not provide details about the protocol for how and when this sensory stimulation was performed -- please add those details. Is perineal possibly a confounding factor by adding sensory stimulation? This should be further elaborated, since it seems important for the study.

We provide a more detailed description of the perineal stimulation in the revised manuscript. Perineal stimulation is not a confounding factor because we did not use perineal stimulation during the training period. Testing was done with and without it. Importantly, perineal stimulation is a non-task specific sensory stimulation (tonic stimulation of the perineal skin). As such, it does not change our main point that the recovery and standing and hindlimb locomotion does not require task-specific training.

> 5\) Although each group included 4 animals, not all the animals were tested at all time points. For example, in Group 1 only 2 animals were evaluated for weight-bearing. This would benefit from better explanation and bigger group sizes. Indeed, this was a major concern and raised by all reviewers, and thus, we urge the authors to perform a careful power analysis and justify the number of animals used. Along these lines: the fact that 50% of the cats in the task specific training group (considered the gold standard) did not recover, dilutes the conclusions and indicates the need for more animals. Thus, the authors need to provide some evidence that they tested enough animals to arrive at their provocative conclusions.

That not all animals were tested at all time points was discussed in the paper (subsection "Locomotor recovery after spinal cord injury requires sufficient excitability within the spinal sensorimotor circuits"). At first, we did not want any confounding factors in the recovery of hindlimb locomotion. That is why no weekly testing (weight bearing and locomotion) was done in two animals of the Non-specific group (Group 1) and one in the Untrained group (Group 3). However, much to our surprise, when we observed substantial recovery in the animal of the no training group (Group 3), we decided to perform weekly testing in all remaining animals to better characterize the time course of recovery. The fact that two cats in Group 1 and one cat in Group 3 recovered without any type of testing until week 6 only strengthens our argument that locomotor recovery does not require task-specific training and occurs largely spontaneously. We have clarified this point in the revised manuscript.

It is not clear how adding more animals per group would change our main point that locomotor recovery does not require task-specific training and occurs largely spontaneously. We have 4/4 cats in the Non-specific group (Group 1) and 4/4 cats in the Untrained group (Group 3) that recovered standing and hindlimb locomotion. We are not attempting to demonstrate that one type of intervention is more effective. Adding more cats with a complete spinal cord injury, in our mind, would be unethical and against the Reduction Principle of animal research, particularly with a relatively large mammalian model.

With the addition of new figures and videos, we provide additional support for our conclusions.

> 6\) To make the groups clearer, perhaps the authors could clearly define Groups 1, 2 and 3 at the beginning of the Results section and then stick with this designation throughout. Alternatively, the authors could name the groups (e.g. trained, untrained, non-specific) and put these labels in the table as well.

The groups are now written out on each figure (Non-specific, Locomotor-trained and Untrained) and color-coded.

> 7\) If weight-bearing and locomotor recovery is a spontaneous mechanism in adult cats with a complete SCI, how can it be explained that only half of the animals of Group 2 (receiving specific training) were able to recover in both tasks. Do these findings indicate that specific training is even detrimental?

We agree that our results can be interpreted that locomotor training is detrimental, as the only two cats that did not recover hindlimb locomotion were in that group. However, we do not think this is the case and that is why we presented the results for all cats.

The following sentences were added to the Discussion section:

"The results from our Locomotor-trained group, in which two cats did not recover the capacity for standing or hindlimb locomotion after complete SCI, suggest that locomotor training might even be detrimental. \[...\] We think it a coincidence that the two cats that did not recover hindlimb locomotion fell into the Locomotor-trained group, as the other two cats in this group recovered standing and locomotion to the highest level without perineal stimulation."

> 8\) Considering that the primary focus of this manuscript is to examine task specific training, it is interesting that locomotion is also tested using a different paradigm than was used for training. More specifically, training was given on a normal treadmill but a new protocol to assess the locomotion (split-belt locomotion) was tested. There are no real data shown for this and it is unclear how these results add to the study. This part could easily be expanded and needs to be carefully addressed.

We agree and we expanded the Results section, adding two new sections that show adjustments to different treadmill speeds during tied-belt (Figure 5 and Figure 6) and split-belt (Figure 7) locomotion. We also show videos for these adjustments.

Split-belt locomotion was done to test locomotor recovery in more demanding conditions but also to test the ability to recover a task that was not trained nor tested during the 6 weeks after spinal transection. This strengthens our conclusion that functional recovery does not require task-specific training.

> 9\) The suggestion is made that improvements in weight-bearing and locomotion are due to sensory feedback. However, the type of sensory inputs activated and their potential roles in promoting recovery are not further explored. In other words, locomotor training (specific training) and massage (non-task specific training) must have a similar effect since both are stimulating sensory fibers, but this doesn\'t happen. The authors need to discuss why there are two animals in Group 2 that are unable to support weight or walk despite the sensory stimulation.

We believe there is some confusion here. We did not state that improvements in weight bearing and locomotion are due to sensory feedback. The observation that all cats in the Untrained group (Group 3) recovered standing and hindlimb locomotion suggests that the recovery of these functions occurred largely spontaneously. We proposed that the recovery was due to the return of neuronal excitability within spinal sensorimotor circuits, which remain largely intact caudal to the SCI, albeit in a non-functional state due to the lack of excitability. We used perineal stimulation to provide a general increase in spinal excitability. The distinction here is that the expression of locomotion and standing is undoubtedly controlled by sensory feedback, as there is no other way to initiate them in the absence of voluntary commands from the brain. However, their recovery are not driven by task-specific sensory feedback. We added several sentences in the revised manuscript to clarify this point.

We also do not know why two animals from the Locomotor-trained group did not recover, although we can speculate. The following sentences were added to the Discussion section:

"We do not know why these two animals did not recover hindlimb locomotion after spinal transection. Although we can only speculate, their inability to perform hip placement for rostral positioning of the paw and their lack of weight bearing suggests failure in spinal circuits that coordinate motor pools and/or integrate sensory feedback from the limbs."

> 10\) Another important question is why the cats of Group 3 have a similar recovery to Group 1? How does this support the idea that sensory feedback is essential? Did the massage (sensory stimulation) actually contribute to recovery, is it possible that the unstimulated animals stimulate themselves as they move about their home cages, similar to massage? Please clarify.

As stated in the previous comment, our results suggest that the recovery of hindlimb locomotion after complete SCI occurs largely spontaneously, without the need for task-specific sensory feedback. We had stated that most cats display rhythmic muscle spasms and alternating movements of their hindlimbs when in a sitting condition, which could have contributed to locomotor recovery. Here again, however, this form of 'self-training' in non-task-specific. We added several sentences in the Discussion section to clarify this point in the revised manuscript.

> 11\) Weight-bearing was evaluated once every week for all the animals, but it is not clear how this testing was performed and quantified. A 15 seconds window was chosen to evaluate the task. This is a very short time window, which is justified to avoid a training effect. However, there is no reference if the final test (week 6) was performed using the same time window, longer, or how it was performed. It is also possible that improvements in weight-bearing and/or locomotion could be related to spasticity. As training was reported to reduce spasticity, could a decline in spasticity in the trained group explain why some animals performed worse?

How the testing was done was described in the Materials and methods section but this has now been added to the Results section.

The following sentences were added at the start of the Results section:

"We evaluated the recovery of standing and hindlimb locomotion each week after spinal transection in all but three cats (Cat 1 and Cat 2 from Group 1 and Cat 12 from Group 3). \[...\] At week 6 after spinal transection, we did not test standing, but we performed a more thorough investigation of locomotor performance, as described below."

The problem with spasticity is that it is narrowly defined by some as a resistance to stretch due to high muscle tone or broadly defined by others to also include abnormal patterns of muscle activations, clonus and spasms. We did not evaluate spasticity and based on the definition used, the recovery of hindlimb locomotion could parallel an increase or a decrease in spasticity. We prefer to avoid making these parallels and we feel that this should be the subject of another more rigorous study looking at the recovery of standing and/or locomotion with different definitions of spasticity.

> 12\) As the study is somewhat controversial, one would like to see the reported results better integrated into the broader literature. This includes data from humans to rodents, where many studies on spontaneous recovery and/or training have been reported. This is also important given the eLife is read by a very general readership.

At present with have over 80 references with several discussing findings in rodents, cats and humans.

> 13\) Subsection "Weight bearing recovers spontaneously after spinal transection" -- This statement is not correct -- In group 2 only half of the animals were able to recover weight-bearing.

Statement was changed to:

"The observation that weight bearing during standing recovered in animals of all three groups without and with stimulation of the perineal skin indicates that it occurred spontaneously, without the need for targeted stand training."

> 14\) It could be preferred to show in Figure 2B the EMG of one cats of each group. Otherwise the contribution of this figure to the story is unclear.

The purpose of Figure 2B is to show the varying effects of perineal stimulation on individual cats, as there is not consistent effect on a per group basis. The effect of perineal stimulation on a group basis is not particularly interesting because animals show similar levels of recovery in the three groups. To demonstrate this, we chose two cats from the Locomotor-trained group that showed very different effects of perineal stimulation and one cat from the Untrained group.

> 15\) Figure 2C/Figure 4B, why were 9 cats used to calculate the mean of EMG with and without perineal stimulation? The motivation for this analysis is unclear and would benefit form more explanation (or the separation of groups).

As stated, the purpose here is to show the effect of perineal stimulation on different muscles on an individual cat basis and not on an experimental group basis, specifically to show inter-animal variability independent of the intervention received. As such, we pooled data across cats. Stand training was only performed in weeks 1-5 after spinal transection and only included 9 cats. The effects of perineal stimulation during locomotion was quantified at week 6 after spinal transection on 10 cats because 2 cats did not recover hindlimb locomotion.

> 16\) For Figure 4A, please be consistent in the way the EMGs are arranged for each animal.

If the reviewer is talking about the additional stance phases in Cat 3 and Cat 9, this is because the EMGs were from two different episodes due to technical limitations of our set-up (each cat was implanted with two connectors that recorded from 16 different muscles each; we can only record from one connector at a time). We also lost some muscles over time. We modified the figure to show EMGs and stance phases obtained from a single connector/episode.

> 17\) Although knowledge of the mechanisms involved in the recovery of locomotion and weight-bearing is important in the cat, the clinical relevance of this study could be discussed more carefully. Considering the current evidence, the proposal that training maybe not be essential and could be replaced by sensory stimulation extends beyond the scope of the study and should be revised. The authors may also consider studying recovery in animals that are more fully deprived of sensory stimuli (i.e., by explicitly limiting the animals\' ability to self-administer sensory stimuli while in their home-cage) to better emulate the scenario in humans that are wheelchair bound.

Our main point is that hindlimb locomotion does not require task-specific training and occurs largely spontaneously. We did not propose that sensory stimulation could replace training. We hope that our results will spur additional research on the effects of sensory augmentation or deprivation. We will add some text to clarify this point. However, working with spinal-transected cats is already difficult from a human perspective for the animal health technicians, veterinarians and lab personnel. Depriving the animals of movement would be difficult to justify ethically.

> 18\) Was weight-bearing or gait analysis blinded for the investigators using the scale? Please clarify.

We now state in the Methods that investigators were not blinded during testing. As we show that recovery did not differ between animals of the three groups, this is a minor point.

> 19\) The data should be displayed with all data points for transparency especially in Figure 2C and Figure 4B. In addition, the way they are displayed now makes it seem as if an ANOVA is more appropriate than the t-test values shown. Please modify and clarify the use of your statistical method. Also, the authors should consider the effects of multiple comparisons for the effects of perineal stimulation.

Data for individual cats are now shown when possible. As we are only comparing two groups (perineal versus no perineal), the paired t-test is appropriate. We also describe in the methods why we did not correct for multiple comparisons.

> 20\) Were there any trends in the responses between males and females? Given the new NIH mandate, I think it\'s worth a cursory analysis (though we do understand that these are very small groups).

The following sentences were added to the Discussion section:

"Another factor to consider is whether the sex of the animals impacted locomotor recovery after SCI. \[...\] Although, the Locomotor-trained group included 3 females and 1 male, the two cats that did not recover hindlimb locomotion included a male and a female cat."

> 21\) It seems as if kinematic variability could be a further marker of impairment (or, conversely, recovery) after SCI. Have you considered using something like the angular coefficient of correspondence with hip-knee, hip-ankle, and knee-ankle joint space? (For reference, see Sohn et al., 2018). Or perhaps more kinematic analyses like swing duration, stance duration, interlimb coordination, step height, etc? (for reference see Musienko et al., 2011). These analyses could inform the likelihood of weight-bearing ability after injury which the authors state is necessary for recovery.

We added results on four temporal parameters (cycle, stance and swing durations and phasing/interlimb coordination) over a range of speeds or left-right speed differences during tied-belt and split-belt locomotion, respectively. We also added videos showing examples from each group.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

> The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:
>
> The authors have generally done an excellent job in revising, except for one important point: it remains difficult to determine how many animals in total recovered locomotion without training. A clear statement of this number would be very helpful, with perhaps some notes on how many were completely untrained and how many got manual manipulations as well as a note about slight variations in timings of locomotor testing. This overall statement could go at the beginning of the Discussion section or end of the Results section.

The following sentences were added to the start of the Discussion section:

Indeed, all cats that did not receive task-specific locomotor training, which includes 4 of 4 cats in Group 1 (Non-specific) that received manual therapy and 4 of 4 cats in Group 3 (Untrained) that received no intervention or training of any kind after spinal transection recovered hindlimb locomotion (Figure 3). Moreover, 3 cats out of 4 in Group 1 attained the highest performance level on our scale without and with perineal stimulation 6 weeks after spinal transection, whereas 2 and 3 cats attained the highest performance level without and with perineal stimulation, respectively, in Group 3. It should be emphasized that three cats, Cat 1 and Cat 2 from Group 1 and Cat 12 from Group 3 were not tested for standing or locomotor performance in the five weeks after spinal transection. At week 6 after spinal transection, on their very first testing day, these three cats performed hindlimb locomotion at the highest level on our scale, which includes full weight bearing and proper digitigrade placement (Figure 3).
